Membrane-type matrix metalloproteinase 1 (MT1-MMP) plays a critical role in extracellular matrix remodeling under both physiological and pathological conditions. However, the mechanisms controlling its activity on the cell surface remain poorly understood. In this study, we demonstrate that MT1-MMP is regulated by endocytosis. First, we determined that Con A induces proMMP-2 activation in HT1080 cells by shifting endogenous MT1-MMP from intracellular compartments to cell surface. This phenotype was mimicked by the cytoplasmic truncation mutant MT1⌬C with more robust pro-MMP-2 activation and cell surface expression than wild-type MT1-MMP in transfected cells. MT1⌬C was subsequently shown to be resistant to Con A treatment whereas MT1-MMP remains competent, suggesting that Con A regulates MT1-MMP activity through cytoplasmic domain-dependent trafficking. Indeed, MT1-MMP was colocalized with clathrin on the plasma membrane and with endosomal antigen 1 in endosomes. Internalization experiments revealed that MT1-MMP is internalized rapidly in clathrin-coated vesicles whereas MT1⌬C remains on cell surface. Coexpression of a dominant negative mutant of dynamin, K44A, resulted in elevation of MT1-MMP activity by interfering with the endocytic process. Thus, MT1-MMP is regulated by dynamindependent endocytosis in clathrin-coated pits through its cytoplasmic domain.
M
atrix metalloproteinases (MMPs), a family of zincdependent proteolytic enzymes capable of degrading components of the extracellular matrix (ECM), are regulated by diverse mechanisms at the levels of transcription, translation, posttranslational modification, zymogen activation, and inhibition by endogenous inhibitors to achieve precise remodeling of the ECM during normal development (1) (2) (3) . Dysregulated MMP activity has been demonstrated in degenerative diseases such as cancer, arthritis, and cardiovascular diseases (4) (5) (6) (7) (8) . Comprised of 25 members, MMPs are classified as either soluble or integral membrane proteinase depending the absence or presence of type I or II transmembrane domains or glycosylphosphatidylinositol anchor (3, 9, 10) . Although a minority, the membrane-type MMPs (MT-MMPs) have gained considerable attention partly because of the abnormality associated with MT1-MMP knockout mice that sharply contrasts with the minimal phenotype exhibited by mice generated similarly for secretory MMPs (11) (12) (13) . Anchored on the plasma membrane, the MT-MMPs are mobilized by cells to specialized membrane domains where ECM components are proteolyzed efficiently (14, 15) . Recent works (11, 12, (16) (17) (18) (19) have concluded that MT1-MMP is more destructive than not only those secretory MMPs, but also its own soluble form, suggesting that the MT-MMPs may be regulated differently at the cell surface. In this study, we hypothesize that membrane trafficking regulates MT1-MMP activity on cell surface. We demonstrate that MT1-MMP is internalized in clathrin-coated vesicles to early endosomes through a dynamindependent process and that the blockade of internalization enhances MT1-MMP activity on the cell surface.
Materials and Methods
Cell Culture. HT1080, Madin-Darby canine kidney (MDCK), COS, Chinese hamster ovary, SKBr3, SKOV3, and HEK293 cells have been described (20) or were gifts from Ping-Yi Law (University of Minnesota) or Mike Xu (Fox Chase Cancer Center, Philadelphia) and maintained as described (20) . Cell culture media and supplements were purchased from Life Technologies (Rockville, MD).
Immunological Reagents. Rabbit anti-MT1-MMP antibody (Ab3) has been described (15) . Proteinase inhibitors, Con A, and secondary Ab conjugates were from Sigma. Anti-dynamin, clathrin, and early endosome antigen-1 (EEA1) Abs were purchased from Transduction Laboratories (Lexington, KY). BB-94 was a gift from British Biotechnology (Oxford, U.K.).
Expression Constructs and Transfection. Wild-type (wt) and Cterminally truncated MT1-MMP constructs have been detailed (21) . Expression constructs for wt rat dynamin and its K44A mutant were generous gifts from the Lefkowitz laboratory (Duke University, Durham, NC) (22) . The DNA constructs were transfected into various cells by Lipofectamine (Life Technologies). Stable clones were selected in the presence of G418. Screening for stable clones were carried out by Western analysis of the cell lysates or zymographic analysis of pro-MMP-2 activation as described below.
Western Blotting, Immunoprecipitation, and Gelatin Zymography. These procedures have been described (20, 21) . In brief, serumfree media supplemented with purified pro-MMP-2 or 5% FBS was added to cells. After the indicated time period, conditioned media were collected and cleared of cell debris by centrifugation and analyzed by SDS͞PAGE impregnated with gelatin (1 mg͞ml) as described (20, 21) . For immunoprecipitation and Western blot, cells were lysed in RIPA buffer (250 l͞50 mM Tris, pH 7.5͞150 mM NaCl͞0.25% sodium deoxycholate͞0.1% Nonidet P-40͞10 M leupeptin͞0.1 M 5-p-amidinophenylmethanesulfonyl fluoride͞1 M aprotinin). The lysates were centrifuged (14,000 ϫ g, 20 min). The resulting supernatants were immunoprecipated and blotted as described (18) . Cell surface biotinylation and detections were carried out as suggested by the manufacturer (Pierce) (23) .
Immunostaining and Confocal Microscopy. For internalization experiments, cells seeded on coverslips in 6-well plates were washed three times with PBS and shifted to 4°C. Anti-MT1-MMP Ab was added to the cells at 0.2 g͞ml for 2 h. Ab was subsequently removed and cells were washed before being shifted to 37°C for the indicated time. Cells were then fixed and stained with FITC-conjugated secondary Ab. For colocalization experiments, cells were labeled with either anti-clathrin, dynamin, or EEA1 Abs as the first Ab followed by rhodamine-or FITC-conjugated secondary Abs (Jackson ImmunoResearch). Confocal microscopy was carried out in the Biomedical Image Processing laboratories at the University of Minnesota as described (10).
Results

Con A Stimulates Pro-MMP-2 Activation by Increasing Cell Surface
Expression of MT1-MMP. HT1080 cells derived from human fibrosarcoma secreted mostly the pro form of MMP-2 when cultured under serum-free conditions, but converted a substantial portion of pro-MMP-2 into active forms when treated with Con A (Fig.  1 A Upper and B) (24) . To understand the mechanism of ConA-mediated pro-MMP-2 activation, we characterized the primary activator of pro-MMP-2 in HT-1080 cells, namely, MT1-MMP (25) . The expression level of MT1-MMP protein did not change significantly with Con A treatment, nor did the pattern of MT1-MMP activation ( Fig. 1 A Lower) as reported (26) . We next considered the possibility that Con A may alter the cellular localization of MT1-MMP. Immunofluorescent confocal microscopy revealed that MT1-MMP protein in unstimulated HT1080 cells is localized inside cells (Fig. 1Ca) , and thus is unable to access and activate pro-MMP-2 on the cell surface ( Fig. 1 A Upper; ref. 27 ). On the other hand, ConA treatment dramatically shifted MT1-MMP from the intracellular compartment to the cell surface where pro-MMP-2 is activated (Fig. 1C,  b vs. a) , arguing that Con A mediates cellular activation of pro-MMP-2 by mobilizing MT1-MMP from intracellular compartment to cell surface. To confirm the shift in the localization of MT1-MMP, we analyzed cell surface MT1-MMP from HT1080 cells with or without Con A treatment by biotinylation coupled with immunoprecipitation and blotting with alkaline phosphatase-conjugated streptavidin. As shown in Fig. 1D , HT1080 cells treated with Con A have more MT1-MMP protein on the cell surface than the unstimulated cells (Fig. 1D , lane 2 vs. 1), arguing that trafficking, rather than expression, of MT1-MMP may play a predominant role in regulating its activity at the cell surface.
Deletion of MT1-MMP Cytoplasmic Domain Enhances Its Cell Surface
Localization with Increased Activation of Pro-MMP-2. We rationalized that the cytoplasmic domain might bridge the ectoenzyme to the cellular machinery and, thus, might regulate MT1-MMP trafficking. Therefore, we analyzed the truncation mutant MT1⌬C as depicted in Fig Fig. 1 A, these results raise the possibility that removal of the cytoplasmic domain promotes cell surface accumulation of MT1-MMP. Indeed, MT1⌬C exhibited more surface expression than its wt counterpart as documented by confocal microscopy ( Fig. 2 C and D) . Mimicking the endogenous MT1-MMP in Con A-treated HT1080 cells (Fig. 1Cb) , the transfected MT1⌬C is primarily localized in the plasma membrane (Fig. 2Cb, arrowhead) , in contrast to the perinuclear localization of the wt MT1-MMP (Fig. 2Ca) . Similarly, in MDCK cells, a significant portion of MT1⌬C is expressed on the cell surface whereas the wt molecules are mostly intracellular ( Fig. 2D b vs . a for z-sections, (arrowhead) and bЈ vs. aЈ for vertical scans of the same cells). These data suggest that the cytoplasmic domain is required for the observed intracellular localization of MT1-MMP. Con A treatment for further enhancement (Fig. 3, lane 6 vs. 5). In fact, Con A failed to enhance MT1⌬C activity in a time-course study, even at early time points when pro-MMP-2 activation was Ͻ50% (data not shown). These data suggest that the cytoplasmic domain is required for Con A-stimulated enhancement of MT1-MMP activity.
Colocalization Between MT1-MMP and Markers for Endocytosis. The apparent accumulation of MT1-MMP on the cell surface because of either Con A treatment or cytoplasmic domain truncation suggests that MT1-MMP may be regulated through vesicular trafficking as a membrane protein. One major mechanism of regulation for cell membrane protein is endocytosis through clathrin-coated pits (28) . In fact, it has been reported that Con A blocks clathrin-mediated endocytosis (29) . To investigate this possibility, we attempted to colocalize MT1-MMP with clathrin on the plasma membrane. To avoid the overwhelming signal from intracellular MT1-MMP, we labeled MT1-MMP transfected cells with anti-MT1-MMP Ab at 4°C, before fixation, permeabilization and staining with Ab against the heavy chain of clathrin. Despite heterogeneity associated with the expression of transfected MT1-MMP and endogenous clathrin, we observed general colocalization between MT1-MMP and clathrin on plasma membrane. As shown in Fig. 4A , MT1-MMP can be observed clearly on the cell surface (a). In the same cell, clathrin can also be detected on the plasma membrane and in intracellular compartments (Fig. 4Ac) . Merging the images for both MT1-MMP and clathrin demonstrates that MT1-MMP and clathrin colocalizes on the plasma membrane (Fig. 4Ab) . Fig. 4A d-f are vertical scans, which further depict the colocalization of clathrin and MT1-MMP on the plasma membrane.
Colocalization between MT1-MMP and clathrin raises the possibility that MT1-MMP be internalized in clathrin-coated pits to maintain a relatively low level on cell surface as shown above ( Fig. 1Ca; Fig. 2 C and D) . To test this possibility, we attempted to localize MT1-MMP in early endosomes by staining cells with MT1-MMP and EEA1, a marker for early endosomes (30), under permeabilized conditions. As expected, the EEA1 Ab labeled classic endosomal structures within the cells, but not the cell surfaces (Fig. 4Bc) . Anti-MT1-MMP Ab, on the other hand, stained mostly intracellular structures (arrows), with only modest signals on cell surface (Fig. 4Ba) . When merged, it is apparent that most of the EEA1-positive endosomes are also positive for MT1-MMP, supporting the notion that MT1-MMP may be internalized into endosomes through clathrin-coated vesicles. MMP on cell surface (Figs. 1C and 2 C and D) . To compare the rate of internalization for wt and cytoplasmic domain truncated MT1-MMPs, we performed cell surface labeling and internalization experiments as described above. As shown in Fig. 4C , wt MT1-MMP was internalized into endosomal-like structures (b vs. a) in 40 min, whereas MT1⌬C remained mostly on the plasma membrane (d vs. c). To confirm that MT1-MMP is internalized in clathrin-coated pits, we double-stained cells in the internalization experiments with MT1-MMP and clathrin. As shown in Fig. 4D , most of MT1-MMP internalized within 20 min remained in vesicles coated with clathrin (arrows in b), arguing that MT1-MMP is internalized in clathrin-coated pits. At 40 min, however, most of the internalized MT1-MMP had been routed to vesicles negative for clathrin (data not shown). Together, these data argue strongly that MT1-MMP is internalized in clathrincoated vesicles and its cytoplasmic domain down-regulates its activity on cell surface through endocytosis.
Regulation of MT1-MMP by Dynamin. For protein internalized through clathrin-coated vesicles, the scission of newly formed vesicles from the plasma membrane requires dynamin, a large GTPase implicated in clathrin-mediated endocytosis (22, 28, 31) . To test whether dynamin plays any role in MT1-MMP internalization, we cotransfected the wt dynamin and the K44A dominant-negative mutant with MT1-MMP into various cell lines. Shown in Fig. 5A are representative data obtained from transfected MDCK cells. Western blot analysis using antidynamin or MT1-MMP Abs revealed equivalent levels of expression from the MT1-MMP or dynamin plasmids, respectively, among the transiently transfected cells, indicating similar efficiencies of transfection (Fig. 5A, lanes 2-4 and 7 and 8) . The K44A dominant negative mutant of dynamin, not its wt, enhanced MT1-MMP-dependent activation of pro-MMP-2 (Fig.  5A, lane 12 vs. 10 and 11) . Furthermore, the K44A mutant did not alter the expression or processing of MT1-MMP significantly (Fig. 5, lane 4 vs. 3) , although the cells transfected with dynamin or K44A appeared to have less active MT1-MMP (Fig. 5A, lane  2 vs. 3 and 4) . We tested the effects of dynamin K44A on MT1-MMP in other cells such as HEK293, Neuro2A, COS, and HT1080, similar enhancements were observed (data not shown). Mechanistically, we demonstrated that K44A, but not wt dynamin, enhanced the expression of wt MT1-MMP on plasma membrane as shown in Fig. 5B (d vs. a) , by interfering with dynamin-mediated endocytosis of MT1-MMP. Taken together, we concluded that MT1-MMP is negatively regulated by its cytoplasmic domain through dynamin-dependent endocytosis in clathrin-coated pits.
Discussion
As the first MMP identified with a transmembrane domain, MT1-MMP provides a unique paradigm for MMP-dependent ECM proteolysis. It confers invasive and migratory phenotypes to cells of endothelial, epithelial, and fibroblastic origins (7, (14) (15) (16) (17) (32) (33) (34) (35) . Furthermore, it has been reported that its cytoplasmic and transmembrane domains target MT1-MMP to specialized cellular structures of invading or migrating cells (14, 15) , highlighting the importance of domains unique to the membrane-type MMPs. In this study, we present evidence that the cytoplasmic domain of MT1-MMP regulates its expression on the cell surface through dynamin-dependent endocytosis in clathrin-coated pits. This endocytic pathway could provide a versatile mechanism for cells to regulate MT1-MMP activity under both physiological and pathological conditions. Cytoplasmic Domains of MT-MMPs. There are six MT-MMPs reported so far that can be classified into two subgroups depending on their anchoring mechanisms (36) . The first subgroup includes MT1-, MT2-, MT3-, and MT5-MMPs with a single path transmembrane domain in a type I topology (N out ͞C in ) (7, 20, 37, 38) . The second subgroup has two members, MT4 and MT6-MMPs, anchored via a glycosylphosphatidylinositol anchor (18, 39, 40) . Although the GPI-anchored MMPs contain no cytoplasmic domains, the type I MT-MMPs all contain a 20-residue cytoplasmic tail. Interestingly, the cytoplasmic domain of MT1-MMP appears to be divergent at the amino acid level from those of MT2, MT3, and MT5-MMPs, raising the possibility that MT1-MMP may be regulated differently (9) . It would be of interest to see whether endocytosis also regulates the activity of the other type I MT-MMPs, as we demonstrated here for MT1-MMP. Compared to other mechanisms of regulation, endocytosis offers fine-tuning of MT-MMP activity on the cell surface, perhaps a common theme for other membrane-associated proteolysis. Indeed, the tumor necrosis factor ␣ (TNF-␣)-converting enzyme has been shown to be down-regulated by endocytosis (41) . However, it is not clear whether the cytoplasmic domain of the TNF-␣-converting enzyme is involved in the internalization process as we observed for MT1-MMP. Future work to compare and contrast the internalization processes for these two distinct families of membrane-anchored metalloproteianses should shed light on the regulation of cell surface proteolysis.
Functional Consequence of MT1-MMP Internalization. We have shown here that internalization provides a mechanism to down-regulate MT1-MMP activity. Blockade of internalization by three different means, i.e., Con A treatment (Fig. 1) , cytoplasmic domain deletion (Fig. 2) , and cotransfection with dominant negative mutant of dynamin K44A (29) (Fig. 5) , all enhanced the cell surface presentation of MT1-MMP accompanied by elevated pro-MMP-2 activation, the classic function for MT1-MMP (7, 25) . The fate of the internalized MT1-MMP remains unresolved. Recent reports (15, 19, 23, 26, 42) suggest that MT1-MMP may be processed into a 45-kDa form that is devoid of its catalytic domain and unable to activate pro-MMP-2. It would be interesting to determine whether the internalized MT1-MMP is processed into the 45-kDa form or simply routed to the lysosome for destruction as reported for internalized TIMP-2 (42) . Either process would lead to a down-regulation of MT1-MMP activity and thus offer a potential explanation for our results in this article. Taken together, we suggest that the default pathway for MT1-MMP trafficked to cell surface is to be internalized to keep its activity intracellularly (Fig. 1 ). Therefore, it is possible that a transient increase in MT1-MMP activity could be achieved by temporary inhibition of MT1-MMP endocytosis when cells are programmed, stimulated, or activated to remodel their extracellular matrix (11, 12, 17) . On the other hand, excessive MT1-MMP activity may be disposed rapidly by enhancing its internalization through the same cytoplasmic domain-e.g., when active remodeling events involving MT1-MMP are terminated. In essence, an ''on͞off'' or ''up͞down'' switch might have been built into the cytoplasmic domain to regulate MT1-MMP activity, in addition to its purported function for targeting to the invasive front (14, 15) . Thus, the cytoplasmic domain regulates MT1-MMP mediated proteolysis by controlling not only its localization, but also its steady-state concentration at the cell surface.
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